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(54) Nanostrueture, electron emitting device, carbon nanotube device, and method of producing 
the same 



(57) The invenlion provides a nanostructure includ- 
ing an anodlzed film including nanoholes. The anodized 
film is formed on a substrate having a surface including 
at least one material selected from the group consisting 
of semiconductors, noble metals. Mn, Fe, Co, Ni, Cu and 
carbon. The nanoholes are cut completely through the 
anodized film from the surface of the anodized film to 



the surface of the substrate. The nanoholes have a first 
diameter at the surface of the anodized film and a sec- 
ond diameter at the surface of the substrate. The nano- 
holes are characterized in that either a constriction ex- 
ists at a location between the surface of the anodized 
film and the surface of the substrate, or the second di- 
ameter is greater than the first diameter. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0O01] The present invention relates to a nanostruc- 
ture and a method of producing the same. The nanos- 
tructure produced by anodizing aluminum according to 
the present invention may be used in a wide variety of 
applications such as functional materials for use in elec- 
tronic devices or micro devices. Specific examples in- 
clude quantum effect devices, electrochemical sensors, 
biosensors, magnetic memories, magnetic devices, 
light emitting devices, photonic devices, solar cells, etc. 

Description of the Related Art 

[0002] In thin films, fine wires, and fine dots of metal 
or semiconductor, if motion of electrons is restricted 
within a region smaller than a particular length, the thin 
films, the fine wires, or the fine dots often exhibit special 
electric, optical, and/or chemical characteristics. From 
this point of view, materials having a fine structure (na- 
nostructure) with a size smaller than 100 nm are attract- 
ing increasing attention as functional materials. 
[0003] One known method of producing nanostruc- 
tures is to employ a semiconductor processing tech- 
nique including a fine pattern writing technique such as 
photolithography, electron- beam lithography, and X-ray 
lithography. 

[0004] In addition to the production method described 
above, a self-forming technique is being developed. In 
this technique, a self-formed periodic structure is used 
to realize a novel nanostructure. This technique has a 
potential ability to produce a peculiar nanostructure in- 
cluding a finer structure, depending on a fine structure 
used as a base, than can be obtained by the conven- 
tional technique, and thus a lot of investigations are be- 
ing performed. 

[0005] An example of a self-formed peculiar structure 
is an anodized aluminum oxide film (refer to, for exam- 
ple, R. C. Furneaux, W. R. Rigby and A. P. Davidson, 
NATURE, Vol. 337, P. 1 47 (1989)). If an aluminum plate 
is anodized in an acid electrolyte, a porous oxide film is 
formed. Fig. 3A is a cross-sectional view schematically 
illustrating a nanostructure obtained by anodizing an 
aluminum plate 31 so as to form a porous anodized film 
32 on the surface of the aluminum plate 31 . Fig. 3B is a 
cross-sectional view schematicaily illustrating a nanos- 
tructure obtained by anodizing the surface of a thin alu- 
minum film 34 formed for example on a semiconductor 
substrate 33 so as to form a porous anodized film 32. 
As can be seen from Figs. 3A and SB, the feature of the 
anodized film is that it has a peculiar geometric structure 
including very small cylindrical holes (nanoholes) 35 
which have diameters 2r ranging from several nm to 
several hundred nm and which are arranged in parallel 



at intervals of several ten nm to several hundred nm. 
The cylindrical nanoholes 35 have a large aspect ratio 
and have good uniformity in terms of the diameter over 
the entire length. 
5 [0006] The diameter 2r of the nanoholes 35 and the 
hole-to-hole distance 2R can be controlled to a certain 
extent by adjusting the current and voltage during the 
anodization process. There is a barrier layer (aluminum 
oxide layer) 36 between the anodized film 32 and the 
to aluminum substrate 31 or the aluminum film 34. A vari- 
ous applications are being attempted to take the advan- 
tages of such peculiar geometric structures obtained in 
anodized films. For example, anodized films may be 
used as films having high abrasion resistance and high 
is dielectric strength. An anodized film may be separated 
from an underlying material and may be used as a filter. 
Furthermore, by filling the nanoholes with metal or sem- 
iconductor or by using a replica of nanoholes, other var- 
ious application ere also possible, such as coloring, 
so magnetic storage media, EL devices, elect rochromic 
devices, optical devices, solar cells, and gas sensors. 
The anodized film is also expected to have further var- 
ious applications such as quantum effect devices (quan- 
tum fine wires, MIM (metal -insulator-metal) devices), 
25 molecular sensors using nanoholes as chemical reac- 
tion spaces, etc. (Masuda, Solid State Physics, 31, 493 
(1996)) 

[0007] Producing nanostructures using semiconduc- 
tor processing techniques is problematic because of low 
30 production yield and high apparatus cost. A simpler 
technique of producing nanostructures with good repro- 
ducibility is therefore desirable. From this point of view, 
the above -described self-forming techniques, in partic- 
ular the technique of anodizing aluminum, have the ad- 
ds vantage that nanostructures can be easily produced 
with high controllability. These techniques are also use- 
ful to produce large-area nanostructures. 
[0006] The nanostructures shown in Fig. 3A and 3B 
have limitations in terms of shapes and applications be- 
40 cause nanostructures can be formed only on the surface 
of an aluminum plate (film). For example, because the 
melting point of aluminum is as low as 660° C, the na- 
noholes formed on the surface of aluminum cannot be 
subjected to a heat treatment at temperatures higher 
*5 than 660*C. Therefore, to use nanoholes as functional 
materials in various applications, it is necessary to de- 
velop a technique of forming an anodized film on a sub- 
strate with a high melting point without destroying its pe- 
culiar geometric structure, and also a technique of pre- 
50 venting generation of cracks at high temperatures. 
[0009] On the other hand, to use the peculiar geomet- 
ric structure of the anodized film In an electron device, 
an anodized film must be formed on a semiconductor 
substrata. In particular, a technique of forming an ano- 
ss dized film on a silicon substrate is important. If it is pos- 
sible to form an anodized film on a silicon substrate, then 
it becomes possible to integrate a nanostructure with a 
silicon semiconductor device such as a diode and atran- 
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sistor. This allows the nanostructure to be used in wider 
applications. 

[001 0] A technique of forming an anodi2ed film includ- 
ing nanoholes on a silicon substrate is disclosed in Jap- 
anese Patent Laid-Open No. 7-272651. In this tech- 
nique, an aluminum film is first formed on a silicon sub- 
strate, and then the aluminum film Is converted into an 
anodized film. After that, the barrier layer of the ano- 
dized film, present at the bottom of the nanoholes, is 
removed. A metal layer (Au, Pt, Pd, Ni, Ag, Cu) capable 
of forming an eutectic alloy with silicon is then formed 
on the exposed parts of the silicon substrate and silicon 
capillary crystal is grown using the VLS method. In this 
technique, to produce nanoholes which are completely 
cut through an anodized film from its surface to a silicon 
substrate, the barrier layer at the bottom of the nanohol- 
es is removed after anodizing the aluminum film. The 
removal of the barrier layer may be performed, for ex- 
ample, by means of etching using a chromic acid-based 
etchant or by means of keeping a silicon substrate, to- 
gether with an opposite electrode electrically connected 
to the silicon substrate via an external wire, in a solution 
still after completion of anodization. 
[0011] The inventors of the present invention have in- 
vestigated the above-described technique disclosed in 
Japanese Patent Laid-Open No. 7-272651. The inves- 
tigation has revealed that it is very difficult to completely 
anodize an aluminum film over its entire thickness such 
that a barrier layer remains at the bottom of all nanohol- 
es 35. That is, the depth of nanoholes varies more or 
less, and thus it is difficult to produce a structure having 
a remaining barrier layer with an uniform thickness over 
a wide area as shown in Fig. 4. During the process of 
anodizing the aluminum film, the barrier layer is altered 
or lost in a very short time although the reason is not 
clear. As a result, the electrolyte comes into contact with 
the silicon substrate. Thus, oxidation of the silicon sub- 
strate and decomposition of the electrolyte occur. Al- 
though nanoholes having a remaining barrier layer can 
be formed in a certain area on the substrate, if the barrier 
layer is removed, then, as shown in Fig. 5. the diameter 
of the nanoholes 37 in the parts where the barrier layer 
is removed will not be uniform in the resulting structure. 
Furthermore, the shape varies greatly from one nano- 
hole to another. In particular when nanoholes have a 
large depth, the anodized film tends to have a nonuni- 
form thickness and anodization tends to occur nonuni- 
form^. Thus, it is very difficult to form completely -cut- 
through nanoholes having an uniform shape with good 
repeatability. 

SUMMARY OF THE INVENTION 

[0012] The inventors of the present invention have 
carried out experiments and have determined that when 
an aluminum film, formed on a substrate having an elec- 
trically conductive layer including at least one element 
selected from the group consisting of Cu, Zn, Au, Pt, Pd. 



Ni, Fe, Co, and W, is anodized, the anodization current 
quickly increases at first and then a reduction in the an- 
odization current occurs. Most nanoholes of the ano- 
dized film are broken if the anodization is continued fur- 

5 ther after the anodization current drops. However, if the 
anodization current is stopped immediately after the 
start of the anodization current drop, It is possible to ob- 
tain an anodized film having nanoholes completely cut 
through the anodized film from its surface to the electri- 

10 cally conductive surface. However, a further investiga- 
tion has revealed that a considerable number of nano- 
holes produced by the above technique do not reach the 
electrically conductive surface, and the nanoholes do 
not have sufficient uniformity in shape. Thus, a further 

15 improvement of the technique is required. 

[0013] In view of the above, it is a general object of 
the present invention to solve the above<lescribed 
problems. More specifically, it is an object of the present 
invention to provide a nanostructure having an anodized 

so film including complete ly-cut-through nanoholes having 
good uniformity of shape wtierein the anodized film is 
formed on a substrate including at least one material se- 
lected from the group consisting of semiconductors, no- 
ble metals, and carbon. It is another object of the present 

25 invention to provide a device using such a nanostruc- 
ture. 

[0014] It is still another object of the present invention 
to provide a method of producing a nanostructure, in a 
highly reliable fashion, having an anodized film including 
30 completely-cut-through nanoholes having good uni- 
formity of shape wherein the anodized film is formed on 
a substrate including at least one material selected from 
the group consisting of semiconductors, noble metals, 
and carbon. It is still another object of the present inven- 
ts tion to provide a high-performance electron emitting de- 
vice capable of emitting a large amount of electrons. 
[001 S] It is still another object of the present invention 
to provide a method of efficiently producing a carbon na- 
notube device which can be advantageously used in a 
40 high-performance electron emitting device. 

[001 6] According to a first aspect of the present inven- 
tion, to achieve the above objects, there is provided a 
nanostructure comprising a substrate having a surface 
including at least one material selected from the group 
4S consisting of semiconductors, noble metals, Mn, Fe, Co, 
Ni, Cu and carbon. An anodized film having a nanohole 
is disposed on the surface of the substrate. The nano- 
hole passes through the anodized film from the surface 
of the anodized film to the surface of the substrate, and 
so has a first diameter at the surface of the anodized film 
and a second diameter at the surface of the substrate. 
The nanohole either has a constriction at a location be- 
tween the surface of the anodized film and the surface 
of the substrate with a diameter smaller than the first 
55 and second diameters, or else the second diameter is 
greater than the first diameter. 
[0017] The present invention has been achieved 
based on the knowledge obtained through the experi- 
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ments performed by the inventors of the present inven- 
tion. That is, when a thin aluminum film is anodized atter 
forming the thin aluminum film on a substrate having a 
surface including at least one material selected from the 
group consisting of semiconductors, noble metals, and $ 
carbon, a constant anodization current is observed over 
a certain period ot time and then a reduction in the an- 
odization current occurs. It the anodization is performed 
while monitoring the anodization current and the anodi- 
zation is terminated when a particular change in current 
is detected, it is possible to obtain an anodized film in- 
cluding nanoholes having an uniform shape. 
[0018] The nanoholes obtained by this method have 
a peculiar shape including a constricted part having a 
small diameter where the second diameter is greater 
than the first diameter. If the anodized film including the 
nanoholes having such a structure is used as an evap- 
oration mask, then it is possible to produce a functional 
material having an extremely fine pattern. Furthermore, 
it is also possible to form an extremely fine pattern on 
the surface of a substrate by etching the surface of the 
substrate using the anodized film as an etching mask. 
The nanoholes with the second diameter greater than 
the first diameter are useful when it is required that an 
inclusion embedded by means of electro-deposition in 
the nanoholes be in good electrical contact with the sur- 
face of the substrate. 

[0019] According to another aspect of the present in- 
vention, there is provided an electron emitting device 
comprising the nanostructure of the first aspect of the 
invention, wherein a carbon nanotube is embedded in 
the nanohole such that one end of the carbon nanotube 
Is connected to the surface of the substrate. An elec- 
trode is disposed s uch that the electrode and the surface 
of the substrate face each other, and means for applying 
a voltage between the surface of the substrate and the 
electrode is provided. 

[0020] According to still another aspect of the present 
invention, there is provided a method of producing a na- 
nostructure comprising an anodized film including na- 
nohole. The anodized film is formed on a substrate hav- 
ing a surface containing at least one material selected 
from the group consisting of semiconductors, noble met- 
als, Mn, Fe, Co, Ni, Cu and carbon. The nanoholes are 
cut completely through the anodized film from the sur- 
face of the anodized film to the surface of the substrate. 
The method includes the steps of (i) forming a film con- 
taining aluminum on the substrate having a surface con- 
taining at least one material selected from the group 
consisting of semiconductors, noble metals, Mn, Fe, Co, 
Ni, Cu and carbon, and (ii) anodizing the film containing 
aluminum. In step (ii), the anodization is conducted 
while monitoring an anodization current, and the anodi- 
zation of the film containing aluminum is terminated 
when a reduction in the anodization current from a 
steady-state value is detected. 

[0021] According to still another aspect of the Inven- 
tion, there provided an electrochemical device including 



a nanostructure produced using any of above-described 
techniques according to the invention. 
[0022] According to still another aspect of the present 
invention, there is provided a method of producing a car- 
bon nanotube device. The method includes the steps of 
forming a film including aluminum on a substrate having 
a surface including an n-type semiconductor region an- 
odizing the film including aluminum over the entire thick- 
ness thereof so as to form an anodized film having na- 
noholes, electro-depositing catalytic fine particles on the 
surface at the bottom of the nanoholes, and growing car- 
bon nanotubes from the catalytic fine particles. 



BRIEF DESCRIPTION OF THE DRAWINGS 

15 

[0023] 

Fig. 1 is a plan view schematically illustrating a na- 
nostructure according to an embodiment of the 
so present invention; 

Fig. 2 is a cross-sectional view of Fig. 1 taken along 
line A-A; 

Figs. 3A and 3B are, respectively, cross-sectional 
views schematically illustrating a conventional na- 
25 nostructure on an aluminum plate and a semicon- 
ductor substrate; 

Fig. 4 Is a cross -sectional view schematically illus- 
trating a nanostructure formed by anodizing an alu- 
minum film on a semiconductor substrate over the 
so entire thickness of the aluminum film according to 
a conventional nanostructure production technique; 
Fig. 5 is a cross-sectional view of a nanostructure 
obtained by removing, by means of etching, the bar- 
rier layer at the bottom of the nanoholes of the na- 
35 nostructure shown in Fig. 4 so as to obtain com- 
pletely-cut-through nanoholes; 
Fig. 6 is a schematic diagram illustrating an anodi- 
zation apparatus; 

Fig. 7 is a graph illustrating the anodization current 
40 as a function of time for aluminum films formed on 
various substrates; 

Fig. 8 is a cross-sectional view schematically illus- 
trating a nanostructure according to another em- 
bodiment of the present invention; 
45 Fig. 9 is a graph illustrating the anodization current 
as a function of time for aluminum films formed on 
various substrates; 

Figs. 10A and 1 0B are cross-sectional views sche- 
matically illustrating a nanostructure according to 
50 another embodiment of the present invention, 
formed on, respectively, a semiconductor substrate 
and on a conductive film on a substrate; 
Fig. 1 1 is a cross-sectional view schematically illus- 
trating a nanostructure obtained by embedding a 
55 filler in the nanoholes of the nanostructure shown 
in Fig. 10A; 

Fig. 12A illustrates a structure obtained by etching 
a substrate using the anodized film shown in Fig. 2 
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as an etching mask; 

Fig. 12B illustrates a structure obtained by evapo- 
rating gold on the surface of a substrate using the 
anodized film shown in Fig. 2 as an evaporation 
mask; s 
Fig. 1 3 is a cross-sectional view schematically illus- 
trating a nanostructure obtained by embedding a 
filler in the nanoholes of the nanostructure shown 
in Fig. 2; 

Fig. 1 4 is a cross -sectional view schematically illus- 10 
t rating a nanostructure obtained by embedding a 
metal multilayer in the nanoholes of the nanostruc- 
ture shown in Fig. 2; 

Fig. 15 is a cross-sectional view schematically illus- 
trating a nanostructure obtained by embedding a '£ 
filler in the nanoholes of the nanostructure shown 
in Fig. 8; 

Fig. 16 is a cross-sectional view schematically illus- 
trating a nanostructure obtained by embedding a 
metal multilayer in the nanoholes of the nanostruc- 20 
ture shown in Fig. 8; 

Fig. 17 is a schematic diagram illustrating a struc- 
ture obtained by evaporating gold on the surface of 
a substrate using the anodized film with the nanos- 
tructure shown in Fig. 8 as a mask; & 
Fig. 18 is a cross-sectional view schematically illus- 
trating a nanostructure obtained by embedding a 
carbon nanotube in the nanoholes of the nanostruc- 
ture shown in Fig. 2; 

Fig. 1 9 is a cross-sectional view schematically illus- so 
t rating a nanostructure obtained by embedding a 
carbon nanotube in the nanoholes of the nanostruc- 
ture shown in Fig. 8; 

Fig. 20 is a cross-sectional view schematically illus- 
trating an electron emitting device produced using 3$ 
the nanostructure shown in Fig. 18, according to an 
embodiment of the present invention; 
Figs. 21 A, 21 B, 21 C, and 21 D illustrate a process 
of producing a nanostructure including nanoholes 
such that nanoholes located in a particular area <o 
have a particular function; 

Fig. 22A is a cross-sectional view schematically il- 
lustrating a nanostructure produced using an elec- 
trically conductive substrate on which a patterned 
electric insulating layer is formed, and Fig. 22B is a & 
cross-sectional view schematically illustrating a na- 
nostructure produced using an electrically insulat- 
ing substrate on which a patterned electrically con- 
ductive layer Is formed; 

Fig. 23A is a cross-sectional view schematically il- so 
lustrating a nanostructure obtained by embedding 
a filler in particular nanoholes of the nanostructure 
shown in Fig. 22A, and Fig. 23B is across-sectional 
view schematically illustrating a nanostructure ob- 
tained by embedding a filler in particular nanoholes ss 
of the nanostructure shown in Fig. 22B; 
Fig. 24 is a schematic diagram illustrating a struc- 
ture obtained by etching the surface of a substrate 
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using the anodized film with the nanostructure 
shown in Fig. 21 D as a mask; 
Fig. 25 is a cross-sectional view schematically illus- 
trating a nanostructure obtained by embedding a 
metal multilayer In the nanoholes formed on the 
electrically conductive layer of the nanostructure 
shown in Fig. 22B; 

Fig. 26 is a cross-sectional view schematically Illus- 
trating an electrochemical sensor that is an exam- 
ple of a device according to an embodiment of the 
present invention; and 

Fig. 27 a cross-sectional view schematically illus- 
trating an electrochemical sensor that is another ex- 
ample of a device according to an embodiment of 
the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

[0024] First, the features and advantages of the 
present invention are described below. 

Construction of Nanostructure 

[0025] Fig. 1 is a plan view schematically illustrating 
a nanostructure {nanoholes formed on a semiconduc- 
tor) according to an embodiment of the present inven- 
tion. Fig. 2 is a cross-sectional view taken along line A- 
A of Fig. 1. In Figs. 1 and 2, reference numeral 11 de- 
notes a semiconductor substrate, 1 3 denotes an ano- 
dized film, and 14 denotes a nanohole (a hole with a 
very small diameter) formed in the anodized film 1 3. The 
chief ingredients of the anodized aluminum film 1 3 are 
aluminum and oxygen. The anodized aluminum film 13 
includes a great number of cylindrical nanoholes 14. 
The nanoholes 14 extend in a direction substantially 
perpendicular to the surface of the semiconductor sub- 
strate 11. The nanoholes 14 are parallel to each other 
and they are located at substantially uniform intervals. 
The nanoholes 14 are completely cut through the ano- 
dized film 1 3 from the surface of the anodized film 1 3 to 
the surface of the semiconductor substrate 11 . Each na- 
nohole 14 has a first diameter (2r) at the surface of the 
anodized film 1 3 and a second diameter (2r') at the sur- 
face of the semiconductor substrate 11. Furthermore, 
each nanohole 14 has a part (constricted part) 16 with 
a diameter smaller than the first and second diameters. 
The nanoholes tend to be formed at triangular lattice 
points as shown in Fig. 1 . The diameter 2r of each na- 
nohole ranges from a few nm to a few hundred nm and 
the diameter 2R ranges from a few ten nm to a few hun- 
dred nm. 

Method of Producing Nanoholes 

[0026] The nanoholes having the structure described 
above may be produced by anodizing an aluminum film 
formed on, for example, a semiconductor substrate 
such that the anodization is terminated when the anodi- 
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film and the surface of the substrate, or the second di- 
ameter is greater than the first diameter. 



Claims 

1 . A nanostructure comprising: 

a substrate having a surface containing at least 
one material selected from the group consisting 
of semiconductors, noble metals, Mn, Fe, Co, 
Ni, Cu and carbon; and 

an anodized film disposed on the surface of 
said substrate, said anodized film having a na- 
nohole, 

wherein said nanohote passes through said an- 
odized film from the surface of said anodized 
film to the surface of said substrate, and said 
nanohole has a first diameter at the surface of 
said anodized film, and a second diameter at 
the surface of said substrate, and wherein said 
nanohole has a constriction at a location be- 
tween the surface of said anodized film and the 
surface of said substrate, said constriction hav- 
ing a diameter smaller than said first and sec- 
ond diameters. 

2. A nanostructure comprising; 

a substrate having a surface containing at least 
one materia] selected from the group consisting 
of semiconductors, noble metals, Mn, Fe, Co, 
Ni, Cu and carbon; and 

an anodized film disposed on the surface of 
said substrate, said anodized film having a na- 
nohole, 

wherein said nanohole passes through said an- 
odized film from the surface of said anodized 
film to the surface of said substrate, and said 
nanohole has a first diameter at the surface of 
said anodized film, and a second diameter at 
the surface of said substrate, and wherein said 
second diameter is greater than said first diam- 
eter. 

3. A nanostructure according to Claim 1 or 2, wherein 
the surface of said substrate is formed of a semi- 
conductor oxide. 

4. A nanostructure according to Claim 3, wherein the 
surface of said substrate is porous. 

5. A nanostructure according to Claim 1 or 2, wherein 
the semiconductor is Si. 

6. A nanostructure according to Claim 1 or 2, wherein 
the noble metal Is selected from the group consist- 
ing of Ag, Au, Pt, Pd, Ir, Rh, Os and Ru. 
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7. A nanostructure according to Claim 1 or 2. wherein 
the carbon is selected from the group consisting of 
graphite, glassy carton and amorphous carbon. 

5 8. A nanostructure according to Claim 1 or 2, wherein 
an inclusion is embedded in said nanohole. 

9. A nanostructure according to Claim 1 or 2, wherein 
said anodized film has an additional nanohole and 

10 the surface of said substrate includes first and sec- 
ond regions which are different in characteristic. 

10. A nanostructure according to Claim 9, wherein the 
characteristic is resistance. 

is 

11. A nanostructure according to Claim 9, wherein an 
inclusion is embedded only in the nanohole located 
on said first region. 

so 12. A nanostructure according to Claim 9, wherein said 
first region is an n-type semiconductor region and 
said second region is a p-type semiconductor re- 
gion. 

25 13, A nanostructure according to Claim 9, wherein said 
first region is an electrically conductive region and 
said second region is an electrically insulating re- 
gion. 

30 14. a nanostructure according to Claim 13, wherein 
said first region is a semiconductor region. 

16. A nanostructure according to Claim 14, wherein 
said semiconductor region is an n-type semicon- 
35 ductor region. 

16. A nanostructure according to Claim 8, wherein said 
inclusion is a magnetic material. 

<0 17. A nanostructure according to Claim 16, wherein 
said magnetic materia! includes a ferromagnetic 
material and a non-magnetic material which are 
multtlayered. 

4$ 18. A nanostructure according to Claim 8, wherein a 
substance having a capability of emitting light is em- 
bedded in said nanohole. 

19. A nanostructure according to Claim 18, wherein 
so said substance having the capability of emitting light 

is a substance having a capability of emitting light 
by means of fluorescence. 

20. A nanostructure according to Claim 8, wherein a 
55 substance having a carrier type opposite to that of 

the semiconductor forming the surface of said sem- 
iconductor is embedded in the nanoholes. 
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21. A nanostructure according to Claim 8, wherein the 
anodized film comprises aluminum oxide, and a 
substance having a dielectric constant different 
from that of the aluminum oxide is embedded in the 
nanohole. s 

22. A nanostructure according to Claim 8, wherein a 
carbon nanotube is embedded in the nanohoie such 
that one end of said carbon nanotube is connected 

to the surface of said substrate. io 

23. A nanostructure according to Claim 8, wherein: 

said substrate includes an n-type semiconduc- 
tor surface region located under the nanohole; J 5 
and 

a carbon nanotube is embedded in the nano- 
hole located on the n-type semiconductor re- 
gion, with one end of said carbon nanotube is 
connected to the surface of said n-type semi- so 
conductor. 

24. An electron emitting device comprising: 

a nanostructure comprising a substrate having 2$ 
a surface containing at least one material se- 
lected from the group consisting of semicon- 
ductors, noble metals, Mn, Fe, Co, Ni, Cu and 
carbon, and an anodized film disposed on the 
surface of said substrate, said anodized film 30 
having a nanohole, a carbon nanotube which is 
embedded in the nanohole such that one end 
of said carbon nanotube is connected to the 
surface of said substrate; said nanohole pass- 
ing through said anodized film from the surface 3S 
of said anodized film to the surface of said sub- 
strate, wherein said nanohoie has a first diam- 
eter at the surface of said anodized film, and a 
second diameter at the surface of said sub- 
strate, and wherein said nanohole has a con- <o 
striction having a diameter smaller than said 
first and second diameters; at a location be- 
tween the surface of said anodized film and the 
surface of said substrate, 

an electrode disposed such that said electrode 45 
and the surface of said substrate face each oth- 
er; and 

means tor applying a voltage between the sur- 
face of said substrate and said electrode. 

50 

25. An electron emitting device comprising: 

a nanostructure comprising a substrate having 
a surface containing at least one material se- 
lected from the group consisting of s em icon- ss 
ductors, noble metals, Mn, Fe, Co, Ni, Cu and 
carbon, and an anodized film disposed on the 
surface of said substrate, said anodized film 
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having a nanohole, a carbon nanotube which is 
embedded in the nanohole such that one end 
of said carbon nanotube is connected to the 
surface of said substrate; said nanohole pass- 
ing through said anodized film from the surface 
of said anodized film to the surface of said sub- 
strate, wherein said nanohole has a first diam- 
eter at the surface of said anodized film, and a 
second diameter at the surface of said sub- 
strate, and wherein said second diameter is 
greater than said first diameter; 
an electrode disposed such that said electrode 
and the surface of said substrate face each oth- 
er; and 

means for applying a voltage between the sur- 
face of said substrate and said electrode. 

26. A method of producing a nanostructure comprising 
an anodized film including a nanohole on a sub- 
strate having a surface containing at least one ma- 
terial selected from the group consisting of semi- 
conductors, noble metals, Mn, Fe, Co, Ni, Cu and 
carbon, said nanoholes passing through said ano- 
dized film from the surface of said anodized film to 
the surface of said substrate, wherein said method 
comprising the steps of: 

(i) forming a film containing aluminum on the 
substrate having a surface containing at least 
one material selected from the group consisting 
of semiconductors, noble metals, Mn, Fe, Co. 
NI, Cu and carbon; and 
(it) anodizing said film containing aluminum, 
wherein in step (ii) the anodization is conducted 
white monitoring an anodization current and the 
anodization of said film containing aluminum 
terminates when a reduction in said anodiza- 
tion current from a steady-state value is detect- 
ed. 

27. A method of producing a nanostructure according 
to Claim 26, wherein the anodization terminates 
when the anodization current is decreased from the 
steady-stale value to 95% or below of the steady- 
state value. 

28. A method of producing a nanostructure according 
to Claim 26, wherein an anodization voltage applied 
to said film including aluminum is supplied from the 
substrate side. 

29. A method of producing a nanostructure according 
to Claim 26, further comprising the step of expand- 
ing the diameter of the nanoholes by means of etch- 
ing, after completion of said anodizing step. 

30. A method of producing a nanostructure according 
to Claim 26, further comprising the step of forming 
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